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Abstract 

The  study  on  the  formation  of  lithium  alloying  with  Bi  thin  layer  electrode  and  its  kinetics  was  carried  out  in  1  mol/dm3  LiC104/PC 
electrolyte.  In  situ  XRD  and  chronopotentiometry  results  confirmed  the  formation  of  LiBi  and  Li3Bi  alloy  phases  with  the  open  circuit 
potentials  of  0.830  and  0.805  V,  respectively.  The  formation  of  Li3Bi  alloy  rather  than  LiBi  alloy  was  found  to  be  responsible  for  the 
mechanical  degradation  of  Li-Bi  alloy  electrode.  Lithium  diffusion  coefficient  in  LiBi  alloy  was  evaluated  to  be  in  the  order  of  10-13  cm2/s 
by  ac  impedance  measurement.  This  smaller  lithium  diffusion  coefficient  in  thin  layer  electrode  than  that  in  the  common  sheet  electrode 
was  attributed  to  the  intrinsic  properties  of  the  thin  layer  electrode.  Furthermore,  a  mechanism  involving  the  adsorption  process  at  the 
electrode  surface  was  proposed  for  lithium  alloying  with  bismuth.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Due  to  the  significant  progress  in  integrated  circuit 
microfabrication  technology,  some  applications  of  lithium 
rechargeable  batteries,  such  as  cellular  phone,  camcorders, 
and  laptop  computers,  are  being  operated  at  lower  voltage 
range  from  3  to  2.5  V.  This  makes  it  necessary  to  use  power 
supplies  with  the  same  voltage  range  in  order  to  save  the 
voltage  adjuster.  For  this  reason,  the  study  on  lithium 
rechargeable  batteries  with  lithium  alloy  as  anode  still  looks 
reward  because  of  the  high  theoretical  energy  density  and 
positive  potential  plateau  of  lithium  alloy  anode  [1-3]. 

So  far,  some  data  have  been  available  for  the  thermo¬ 
dynamic  and  kinetic  properties  of  the  binary  lithium  alloy 
systems  such  as  Li-Al,  Li-Si,  Li-Pb,  Li-Sn,  Li-Cd  and  Li- 
Zn,  by  determination  of  the  open  circuit  potential  and 
lithium  diffusion  coefficient  [4-8].  Several  groups  also  gave 
convincing  reasons  to  show  interesting  prospects  in  the 
utilization  of  lithium  alloy  anodes  [9-16],  Promising  results 
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in  the  improvement  of  cycling  behavior  of  rechargeable 
lithium  batteries  were  obtained  with  these  materials  as 
anodes.  On  the  other  hand,  appreciable  benefit  is  still  not 
derived  in  commercialization  up  to  now.  To  a  certain  extent, 
this  may  be  attributed  to  the  crumbling  of  the  alloy  electro¬ 
des  which  results  from  a  significant  volume  or  shape  change 
involved  in  the  lithium  alloying  processes  [17-19], 

To  suppress  the  volume  changes  of  lithium  alloys  during 
cycling,  it  has  been  considered  to  be  effective  to  keep 
the  thickness  of  the  reaction  layer  in  the  order  of  a  few 
micrometers  [3,20-22],  Therefore,  the  thin  layer  electrode 
(approximately  pm  in  thickness)  becomes  necessary  in  the 
studies  of  lithium  alloying.  Furthermore,  an  establishment 
of  the  electrochemical  data  for  the  thin  layer  electrode  is 
also  especially  significant  to  develop  the  thin  layer  micro¬ 
batteries  with  high  energy  density  [20,23-25], 

In  this  work,  we  studied  on  the  lithium  alloy  formation  at 
Bi  thin  layer  electrode  in  1  mol/dm3  LiC104/PC  electrolyte 
by  both  the  electrochemical  measurements  (cyclic  voltam¬ 
metry,  chronopotentiometry)  and  the  surface  analysis  tech¬ 
nique  (in  situ  XRD).  Furthermore,  the  kinetic  data  for  this 
binary  alloy  were  established  by  ac  impedance  measure¬ 
ment.  The  reason  to  choose  bismuth  is  that  it  can  form 
lithium  alloy  with  a  relative  positive  potential  of  about  0.8  V, 
which  makes  lithium  ion  batteries  using  bismuth  as  anode 
and  LiCoQ2  as  cathode  have  a  lower  voltage  of  about  3  V. 
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2.  Experimental 

2.1.  Electrochemical  measurement 

In  order  to  reduce  the  water  level  to  a  condition  as 
anhydrous  as  possible,  the  vacuum  line  was  used  [26],  A 
five-hole  container  for  setting  the  electrochemical  cell  was 
associated  with  the  vacuum  line.  The  cell  atmosphere  could 
be  controlled  in  demand  by  the  gas  sources  of  argon  which 
feed  through  gas  purifiers.  Usually  argon  atmosphere  was 
maintained  to  prevent  the  cell  from  humidity.  The  electrode 
exchange  could  also  be  easily  performed  in  course  of 
experiment. 

A  1  mol/dm3  LiClO^C  electrolyte  was  used  as  received 
from  Mitsubishi  Chemical  Corporation  with  a  water  content 
of  <20  ppm.  The  electrolyte  and  Li  reference  electrode  were 
sealed  into  glass  ampoules  to  store.  Before  performing 
an  experiment,  they  were  led  into  electrochemical  cell. 
The  electrochemical  measurement  was  carried  out  in  a 
three-electrode  configuration.  A  Pt  sheet  served  as  the 
counter  electrode.  All  potentials  were  referred  to  Li+ 
(1  mol/dm3)/Li  electrode. 

Because  it  has  been  found  in  our  previous  work  that  no 
lithium  alloying  occurred  for  Ni  [27],  the  Bi  thin  layer 
electrode  was  prepared  by  electroplating  Bi  onto  Ni  sub¬ 
strate  in  the  plating  bath  as  shown  in  Table  1  [28].  The 
thickness  of  thin  layer  electrode  was  evaluated  by  anodic 
stripping  method  in  the  same  bath. 

The  electrochemical  measurements  were  performed  by  an 
electrochemical  interface  (Solartron,  1287)  coupled  with  a 
frequency  response  analyzer  (Solartron,  1250).  The  water 
content  in  the  electrolyte  was  monitored  to  be  <20  ppm  by 


Table  1 

Electroplating  bath  to  prepare  the  Bi  thin  layer  electrode 


Metal 

Composite 

Current  density 

Temperature 

(mA/cm2) 

(°C) 

Bi 

HC1  (31  vol.%) 

Bids  (7.93  g/dm3) 

5 

50-60 

Karl-Fischer  titration  (Mitsubishi,  model  CA-06)  in  course 
of  measurements. 

2.2.  In  situ  XRD  measurement 

A  commercial  diffractometer  (XD-D1,  Simadzu)  was 
used.  The  collimated  X-ray  beam  (Cu  Ka)  was  toward 
the  working  electrode  surface  at  a  fixed,  glancing  angle 
(8°  from  the  surface).  The  cell  was  assembled  in  the  argon 
glove  box,  as  shown  in  Fig.  1.  ATeflon  type  film  (FEP100A, 

25  pm  in  thickness),  which  led  to  the  distinct  peaks  at 

26  angles  of  31.37  and  36.33°  in  XRD  pattern,  was  used 
as  the  window  attached  to  the  cell  by  an  O-ring.  Two 
lithium  foils  served  as  the  counter  and  reference  electrodes, 
respectively. 

The  disk  covered  with  Bi  thin  layer  was  connected  to  a 
movable  stainless  rod  for  electric  contact.  In  usual  electro¬ 
chemical  measurement,  the  disk  was  placed  at  a  normal 
position  closed  to  reference  electrode,  while  in  XRD  mea¬ 
surements,  the  disk  was  pressed  onto  the  window  film  to 
remove  the  electrolyte  between  the  disk  surface  and  the 
window  film.  To  ensure  this  operation,  the  inner  cell  pressure 
was  adjusted  by  the  use  of  syringe. 


Fig.  1 .  The  electrochemical  cell  for  in  situ  XRD  measurement. 
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3.  Results  and  discussion 

3.1.  Formation  of  lithium  alloys 

According  to  the  phase  diagram  of  Li-Bi  alloy  system, 
LiBi  and  Li3Bi  alloy  phases  may  be  formed  at  ambient 
temperature  [29].  To  identify  the  electrochemical  formation 
of  Li-Bi  alloy  system,  in  situ  XRD  was  performed  after 
applying  the  constant  potentials  to  Bi  thin  layer  electrode. 

Fig.  2  shows  in  situ  XRD  patterns  for  Bi  thin  layer 
electrode.  First,  the  potentials  negative  of  OCV  were  applied 
to  the  Bi  thin  layer  electrode.  The  XRD  patterns  gave  the 
peaks  at  29  angles  of  27.34,  38.07  and  39.81°,  respectively, 
corresponding  to  the  (1  0  2),  (0  1  4)  and  (110)  planes  of  Bi 
at  the  potential  positive  of  0.8  V.  At  0.8  V,  the  distinct  peaks 
at  26  angles  of  21.19,  26.79,  34.42  and  38.66°  occurred, 
respectively,  corresponding  to  the  (0  0  1),  (1  1  0),  (1  1  1) 
and  (2  0  0)  planes  of  LiBi  alloys,  and  the  peaks  for  Bi  were 
declined.  After  held  at  0.78  V,  the  electrode  consisted  of 
only  LiBi  alloy.  The  open  circuit  potential  for  the  LiBi  alloy 
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Fig.  2.  In  situ  XRD  patterns  of  Bi  thin  layer  electrode  (1  pm  in  thickness) 
after  being  hold  at  various  potentials  in  1  mol/dm3  \AC\OJPC  electrolyte. 


was  0.830  V.  The  peaks  of  (1  1  1),  (2  0  0)  and  (2  2  0)  planes 
of  Li3Bi  alloy  at  29  angles  of  23.21,  26.70  and  38.07°  were 
observed  at  0.76  V,  and  the  peaks  for  LiBi  alloy  disappeared 
at  0.72  V.  The  open  circuit  potential  for  Li3Bi  alloy  was 
evaluated  to  be  0.805  V.  There  was  no  further  change  in 
XRD  pattern  at  the  potential  negative  of  0.72  V.  Then  the 
oxidation  of  Li3Bi  alloy  was  performed  by  applying  the 
potentials  positive  of  0.72  V.  The  peaks  for  LiBi  alloy  and  Bi 
phases  were  simultaneously  observed  at  0.84  V,  suggesting 
that  the  oxidations  of  LiBi  and  Li3Bi  alloy  phases  occurred 
at  so  near  potentials  as  to  be  difficult  to  characterize  each 
other.  After  the  potential  was  held  at  0.84  V  for  a  long  time, 
the  LiBi  and  Li3Bi  alloy  phases  disappeared,  and  the  elec¬ 
trode  consisted  of  only  Bi.  These  results  implied  that  lithium 
may  be  reversibly  alloyed  with  Bi  to  form  LiBi  and  Li3Bi 
alloys  via  the  reactions 

Li+  -f-  Bi  -f-  e  — >  LiBi  (1) 

2Li+  +  LiBi  +  e  ->  Li3Bi  (2) 

The  formation  of  lithium  alloys  was  also  identified  by 
chronopotentiometry.  Fig.  3  shows  the  potential  decay  curve 
of  Bi  thin  layer  electrode  in  1  mol/dm3  LiClCVPC  electro¬ 
lyte.  A  low  current  density  of  0.5  pA/cm2  was  applied  in 
order  to  obtain  the  equilibrium  phase.  For  Bi  electrode,  two 
potential  plateaus  were  observed  at  0.815  and  0.781  V  with 
the  compositions  spanning  from  0  to  1.2  and  1.2  to  3.0 
lithium  per  mole,  respectively,  corresponding  to  the  two- 
phase  coexistence  states  of  Li  and  LiBi,  LiBi  and  Li3Bi. 
Because  the  plateaus  for  these  two  alloys  maintained  over 
the  appreciable  ranges  of  lithium  composition,  the  battery 
systems  using  these  alloys  as  anode  materials  may  operate 
at  the  constant  cell  voltage  during  the  charge  and  discharge 
cycles. 


Fig.  3.  The  charge  curves  at  Bi  thin  layer  electrode  (thickness:  0.2  (tm, 
area:  0.39  cm2)  in  1  mol/dm3  LiC104/PC  electrolyte.  Current  density: 
0.5  (tA/cm2. 
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peak  potential  moved  greatly  for  both  the  oxidation  and 
reduction  processes.  Third,  the  peaks  for  the  Li3Bi  formation 
broadened  gradually.  It  has  been  reported  that  the  cycling 
behavior  of  Li3Bi  alloy  was  related  to  the  mechanical 
degradation  of  the  electrode  resulting  from  the  significant 
volume  expand  (177%)  with  lithium  incorporation  into 
bismuth  [17],  Therefore,  the  above  observed  phenomena 
seem  reasonable  to  be  attributed  to  the  crystalline  structure 
destroy  with  cycle  number. 

On  the  other  hand,  Fig.  4b  shows  the  cyclic  voltammo- 
grams  cycled  linearly  between  0.78  and  IV  at  0.1  V/s, 
corresponding  to  the  formation  of  only  LiBi  alloy  phase. 
It  was  noted  that  only  slight  changes  in  the  peak  current 
density  and  the  peak  potential  occurred  with  the  lithium 
insertion  process  for  LiBi  alloy  as  compared  with  that  for 
Li3Bi  alloy.  This  implied  that  the  formation  of  Li3Bi  alloy 
rather  than  LiBi  alloy  was  responsible  for  the  mechanical 
degradation  of  the  Li-Bi  alloy  electrode.  Furthermore,  the 
volume  discharge  capacity  and  coulomb  efficiency  of  LiBi 
alloy  electrode  were  calculated  to  be  731  mAh/cm3  and 
91%,  respectively,  at  first  cycle.  These  characteristics  make 
LiBi  phase  a  merit  of  the  potential  application  as  anode 
material  for  lithium  rechargeable  batteries. 

3.2.  Kinetics  of  lithium  alloying 

Fig.  5  shows  the  formation  of  LiBi  alloy  at  Bi  thin  layer 
electrode  by  potential  sweep  method.  The  potential  was 
initially  set  to  1  V,  then  cathodically  scanned  to  0.79  V  and 
opened  to  a  release  state.  A  cathodic  wave  was  observed, 
implying  the  formation  of  LiBi  alloy  phase.  In  order  to 
realize  the  lithium  concentration  leveling  in  alloy  phase,  the 
release  state  was  held  to  an  enough  long  duration.  Finally, 
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Fig.  4.  Cyclic  voltammograms  with  the  reversed  potentials  of  (a)  0.70  V 
and  (b)  0.78  V  at  Bi  thin  layer  electrode  (thickness:  0.2  pm,  area:  0.39  cm2) 
in  1  mol/dm3  LiC104/PC  electrolyte.  Scan  rate:  0.1  mV/s. 


Another  attempt  was  made  to  evaluate  the  effect  of  cycle 
number  on  Li-Bi  alloy  formation.  In  Fig.  4a,  the  potential 
was  initially  set  to  1  V,  which  yielded  no  appreciable 
current.  Then  the  potential  was  scanned  to  0.70  V  and  cycled 
linearly  with  time  between  0.70  and  1  Vat  0.1  mV/s.  For  the 
first  cycle,  two  cathodic  peaks  were  observed  at  0.78  and 
0.73  V,  corresponding  to  the  formation  of  LiBi  and  Li3Bi 
alloys,  respectively.  Apparently,  only  one  wide  anodic  wave 
was  observed  at  the  potential  of  0.83-0.90  V.  This  observa¬ 
tion  confirmed  the  above  explanation  that  the  oxidation  of 
LiBi  and  Li3Bi  alloys  occurred  at  the  very  near  potential 
range  as  verified  by  in  situ  XRD  result.  Three  significant 
changes  may  be  identified  with  increasing  cycle  number. 
First,  the  peak  current  density  declined  rapidly.  Second,  the 
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the  potential  of  LiBi  alloy  electrode  kept  constant  at  0.83  V, 
suggesting  the  two-phase  coexistence  of  Bi  and  LiBi  alloy. 

The  total  charge  Q  for  lithium  alloying  was  evaluated  to 
be  9.05  x  10-3  C  by  the  integration  of  the  cathodic  wave. 
Therefore,  the  bulk  lithium  concentration  C*  was  estimated 
to  be  1.20  x  10-2  mol/cm3  by  the  following  equation: 


where  F  denotes  Faraday  constant,  A  the  area  of  Bi  electrode 
(0.39  cm2),  and  l  is  the  thickness  of  Bi  electrode  (0.2  pm). 
Furthermore,  the  average  composition  of  this  lithium  alloy 
was  evaluated  to  be  Li0  25Bi  from  the  quantity  of  plated  Bi 
(3.7  x  10-7  mol). 

The  Cole-Cole  plot  of  this  formed  lithium  alloy  electrode 
is  shown  in  Fig.  6,  which  may  be  divided  into  two  parts  of 


Fig.  6.  Cole-Cole  plots  (a)  and  the  fitting  results  (b)  of  LiBi  alloys  formed 
in  Fig.  5.  Frequency:  10  kHz-0.01  Hz,  amplitude:  5  mV. 


and  desorption  used  to  fit  the  impedance  results  of  Fig.  6. 

semi-circular  and  linear  port,  respectively,  corresponding  to 
the  frequency  ranges  of  1.3  kHz-0.5  Hz  and  0.07-0.01  Hz. 
The  amplitude  of  the  sinusoidal  perturbation  was  set  to 
5  mV  from  the  open  circuit  voltage  (0.83  V)  of  the  alloy 
electrode  in  order  to  suppress  the  variation  in  the  electrode 
composition  during  the  impedance  measurement.  The 
straight  line  varied  well  with  a  slope  of  45°,  indicative  of 
a  diffusion  process. 

In  order  to  extract  the  kinetic  information,  various  desig¬ 
nated  equivalent  circuits  were  used  to  fit  the  measured 
impedance  spectra.  The  good  agreement  was  obtained 
between  the  experimental  data  and  simulated  curves  of 
the  equivalent  circuit  involving  adsorption  and  desorption, 
as  illustrated  in  Fig.  7  [30,31].  Here  Rs  is  assigned  to  the 
ohmic  resistance  of  the  electrolyte,  Cd  the  differential 
capacitance  of  the  double  layer,  Rct  the  charge  transfer 
resistance  for  lithium  redox  reaction,  a  an  impedance  result¬ 
ing  from  the  diffusion  of  lithium  in  the  lithium  alloy 
electrode,  f?ad  adsorption  resistance,  Cad  pseudo-capacitance 
of  adsorption  layer,  respectively.  The  main  kinetic  para¬ 
meters  were  obtained  from  the  fitting  result  and  summarized 
in  Table  2.  Lithium  diffusion  coefficient  D  in  Li0  25Bi  alloy 
was  evaluated  to  be  2.0  x  10-13  cm2/s. 

By  the  same  method,  the  kinetic  parameters  of  LiBi  alloy 
with  the  average  composition  of  Li05Bi  was  also  evaluated 
and  summarized  in  Table  2.  Though  the  average  composi¬ 
tion  of  Lio.sBi  alloy  was  different  from  that  of  Li0  25Bi  alloy, 
these  two  LiBi  alloys  had  almost  the  same  lithium  diffusion 
coefficient  and  exchange  current  density  i0. 

Table  2 

Kinetic  parameters  for  LiBi  alloy  formation  obtained  from  ac  impedance 
as  shown  in  Fig.  6 

D  x  1013  Rct  CA  x  104  x  103  Rad  i0 

(cm2/s)  (£2  cm2)  (F)  (F)  (£2  cm2)  (mA/cm2) 


Li025Bi  2.0  22.4  4.12  1.36  26.5  0.53 

Li05Bi  1.4  11.2  4.96  1.94  38.4  0.52 
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3.3.  Discussion 

It  was  noted  that  lithium  diffusion  coefficient  in  LiBi  thin 
layer  electrode  was  two  order  smaller  than  that  in  a  common 
lithium  alloy  sheet  electrode,  which  is  about  10-8  cm2/s 
[13].  In  fact,  this  finding  were  also  reported  by  the  other 
authors  who  used  thin  layer  or  film  electrodes  [20,32-35], 
Though  the  convincible  evidence  has  not  been  still  given  to 
understand  the  small  lithium  diffusion  coefficients  in  thin 
layer  electrodes,  it  may  be  generally  influenced  by  the 
intrinsic  properties  of  the  thin  layer.  Nicholson  attributed 
the  small  lithium  diffusion  coefficient  in  thin  layer  electrode 
to  the  less  grain  boundaries  in  the  thin  layer  electrodes  than 
in  the  common  sheet  electrodes,  because  lithium  diffused 
more  faster  through  the  grain  boundaries  than  the  inner  grain 
[35].  Julien  correlated  the  small  lithium  diffusion  coefficient 
in  thin  layer  electrode  to  the  orientation,  crystallographic 
imperfection  and  porosity  of  the  thin  layer  [20].  For  a  sheet 
electrode  with  low  lithium  diffusion  coefficient,  lithium  may 
deposited  on  the  electrode  surface  to  promote  the  lithium 
dendrite  formation.  However,  the  diffusion  distance  in  the 
thin  layer  electrode  used  in  this  work  is  very  small,  and  the 
application  of  the  thin  layer  lithium  alloy  electrode  in 
microbatteries  generally  requires  low  current  drain  of  about 
nA/cm2.  Therefore,  it  may  be  believed  that  small  lithium 
diffusion  coefficient  will  not  address  significant  problem. 

Due  to  the  good  agreement  between  the  impedance  results 
of  these  lithium  alloys  and  simulated  curves  fitted  from  the 
equivalent  circuit  involving  adsorption  and  desorption,  it 
seems  reasonable  to  suppose  that  the  formation  of  Li-Bi 
alloys  follows  the  mechanism  involving  the  adsorption 
process  at  the  electrode  surface. 

1.  Diffusion  of  lithium  ion  from  bulk  electrolyte  to  Bi 


electrode 

Li+ik  -  Li+cclrodc  (4) 

2.  Adsorption  of  lithium  ion  onto  the  surface  of  Bi  electrode, 
which  reduces  the  energy  barrier  of  lithium  reduction 
reaction,  like  the  situation  of  under  potential  deposition 

Lidectrode  -  Li+ (Bi)  (5) 

3.  Reduction  of  adsorbed  lithium  ion 

Li+ (Bi|  +  e  -►  Liad(Bi)  (6) 

4.  Lithium  diffusion  to  the  inner  electrode 

Liad(Bi)  **  Li-Bi  (7) 


In  fact,  Li  and  Pons  have  corroborated  that  the  lithium 
adsorption/desorption  occurred  in  course  of  lithium  alloying 
with  Au  using  far-infrared  spectroscopy  [36].  To  a  certain 
extent,  this  supports  the  above  explanation  for  the  formation 
of  Li  alloys. 

Since  lithium  alloy  electrode  experiences  the  volume 
change  with  cycle,  it  is  easily  considered  that  the  film  of 


thin  layer  lithium  alloy  electrode  may  be  peeled  off  the 
substrate  and  hence  cause  capacity  fade.  However,  the  CV 
result  in  Fig.  4b  showed  good  cycling  performance  for  LiBi 
alloy  electrode,  suggesting  that  the  film  was  still  attached  on 
the  substrate.  To  a  certain  extent,  this  gave  the  evidence  that 
the  thin  layer  electrode  is  effective  to  suppress  the  volume 
change  of  lithium  alloy  electrode  with  cycle. 


4.  Conclusions 

The  study  on  the  formation  of  lithium  alloying  with  Bi 
thin  layer  electrode  and  its  kinetics  was  carried  out  in  1  mol/ 
dm3  LiClO^C  electrolyte.  From  the  foregoing  results  and 
discussion,  the  following  conclusions  can  be  drawn. 

1.  The  formation  of  Li-Bi  alloys  at  the  applied  potential 
was  verified  by  in  situ  XRD  and  chronopotentiometry. 
LiBi  and  Li3Bi  alloy  phases  were  confirmed  with  the 
open  circuit  potentials  of  0.830  and  0.805  V,  respec¬ 
tively.  The  cyclic  voltammometry  results  disclosed  that 
the  formation  of  Li3Bi  alloy  rather  than  LiBi  alloy  was 
responsible  for  the  mechanical  degradation  of  Li-Bi 
alloy  electrode. 

2.  Lithium  diffusion  coefficient  in  LiBi  alloy  was  eval¬ 
uated  to  be  in  the  order  of  10-13  cm2/s  by  ac  impedance 
measurement.  The  smaller  lithium  diffusion  coefficient 
in  thin  layer  electrode  than  that  in  the  common  sheet 
electrode  may  be  attributed  to  the  intrinsic  properties, 
such  as  the  orientation,  crystallographic  imperfection,  less 
grain  boundary  and  porosity  of  the  thin  layer  electrode. 

3.  The  formation  of  Li-Bi  alloy  may  be  supposed  to  follow 
the  mechanism  involving  the  adsorption  process  at  the 
electrode  surface. 
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